Abstract-In this paper, we study the downlink performance of two important 5G network architectures, i.e. massive multipleinput multiple-output (M-MIMO) and small-cell densification. We propose a comparative modeling for the two systems, where the user and antenna/base station (BS) locations are distributed according to Poisson point processes (PPPs). We then study the SIR distribution and the outage rate of each network. By comparing these results, we observe that for user-average spectral efficiency, small-cell densification is favorable in crowded areas with moderate to high user density and M-MIMO with low user density. However, small-cell systems outperform M-MIMO in all cases when the performance metric is the energy efficiency. The results of this paper are useful for the optimal design of practical 5G networks.
I. INTRODUCTION
To meet the required performance for the fifth generation (5G) communications system [1] , densified topologies with two main approaches, i.e., massive multiple-input multipleoutput (M-MIMO) and small-cell densification, are promising candidate technologies [2] .
In M-MIMO, each base station (BS) employs a large-scale antenna array in linear, cylindrical, or other shapes. The large number of antennas not only provides more diversity to the transmission but also "hardens" the channel, allowing lowcomplexity but sharp beamforming towards the user equipments (UEs) [3] . The results are less interference and higher spectral and energy efficiencies. The main drawback of M-MIMO is the channel estimation/acquisition and feedback, which require a high accuracy to attain the gain that M-MIMO promises [4] , [5] . Pilot contamination, itself an existing problem, also restricts the benefits of M-MIMO [4] , [6] .
In contrast, small-cell networks consists of many micro/femto cells with limited number of antennas, typically one or two, at each access point (AP). Due to the short distance between the APs and UEs, small-cell networks have smaller path loss and co-channel interferences while requiring lower power consumption, hence improving both spectral and energy efficiencies. The gain of small-cell densification, however, is subject to more complicated cell planning and inter-cell coordination/cooperation [7] .
The evolution of high spectral/energy efficiency for 5G thus results in two opposing ideas: concentrating the antennas to form M-MIMO BSs, and distributing them to form small cells. In this paper, we study both small-cell and M-MIMO networks using stochastic geometry and large-system tools.
The aim is to provide an insightful comparison between these two topologies.
We propose a model for M-MIMO and small-cell networks which incorporates the randomness of both transmitting distributed antennas (DAs)/BSs and single-antenna UEs. We study the performance of M-MIMO and derive the bounds for the signal-to-interference ratio (SIR) distribution of M-MIMO and small-cell networks. Based on these analyses, we further obtain the bounds for the outage rates of the two systems. We then compare the two topologies and reveal there exists a UE density threshold lower than which we should employ M-MIMO and higher than which small-cell densification is more preferable, when spectral efficiency is the performance metric. However, small-cell always outperforms M-MIMO in terms of the energy efficiency. The results are therefore useful for the optimal design of the upcoming 5G heterogeneous networks.
The rest of the paper is organized as follows. Section II describes our M-MIMO and small-cell network models, which incorporate the randomness of both transmitting nodes and UEs, for a fair comparison between M-MIMO and small-cell densification. In Sections III and IV, we investigate the M-MIMO and small-cell systems introduced in Section II. The spectral and energy efficiency comparisons between M-MIMO and small-cell densification are given in Sections V and VI, respectively. Finally, Section VII concludes the paper with some remarks.
II. STOCHASTIC MODELING FOR MASSIVE MIMO AND SMALL-CELL SYSTEMS

A. M-MIMO System
We consider a M-MIMO system where BS and UE locations are distributed according to homogeneous PPPs
Each UE is associated with the nearest BS each with M antennas. Here, we assume that each BS is scheduled to serve only one UE at each time/frequency slot due to time/frequency division multiple access (TDMA/FDMA). In each slot, the received signal of the UE associated with BS b is given as . For a fair comparison with small-cell systems, we assume that each BS has a total power constraint of MP T and therefore E|x C,b | 2 = MP T . We consider a practical regime in which each BS only knows the channel between itself and the associated UE via, e.g., channel estimation and feedback. Under such assumption, each BS implements the conjugate beamforming to transmit signals to its respective UEs. Fig. 1 shows one channel realization of the M-MIMO system model. Here, the service area is assumed to be a square region of 20 × 20. The BS and user densities are λ C,b = 0.05 and λ u = 0.15, respectively. Note that as the UE density is not sufficiently larger than the transmitter density, some BSs are not associated to any user. The corresponding cells are marked by green color for a clear illustration.
B. Small-Cell System
For a fair comparison, we consider a small-cell system where distributed antenna (DA) and UE locations are dis- For simple description, we consider one resource block (e.g., frequency and time), which is taken by only one UE, i.e., one DA serves one user at a time. The received signal at user k is
where K is the user set, h D,k,k is channel gain between user k and selected DA for user k ; x D,k is the transmit signal from user k; and n D,k is the AWGN CN (0, σ
is a large scale fading including path loss with μ denoting the path loss exponent; and
Note that we can consider Fig. 1 as a channel realization for the small-cell system model with the DA and UE densities being λ D,b = 0.05 and λ u = 0.15.
III. MASSIVE MIMO SYSTEM ANALYSIS
In this section, we investigate the performance of M-MIMO systems. First, we note that the transmission probability of BSs is approximated as [9] 
Note that given the transmission probability C , the transmitting BS locations are thus distributed according to a PPP Φ C,b with density λ C,b = C λ b . 
A. Conjugate Beamforming -Large System Analysis
Since all BSs employ conjugate beamforming, the transmit signal
, where
is the conjugate beamformer of BS b. As a consequence, the SINR of the UE associated to BS b therefore can be expressed as [11] 
random variables each distributing as CN (0, 1).
B. Probability Distribution
Based on the the above investigation, we can derive the Laplace transform of Q −1 M and the bounds on the SIR distribution, which are given below. The proof is omitted due to the space constraint and can be found in [11] .
Proposition 1: Given that M → ∞, the lower and upper bounds of the SIR distribution are given as follows 
Proposition 2: Assuming a very large M , the expectation
Remark 1: Note that (6) is rigorously proved only for: (a) q ≥ M , and (b) q < M with q → 0 or q → M . Furthermore, it is important to remind that Propositions 1 and 2 are derived by assuming that the noise power is negligible, i.e., σ 2 = 0, and considering the SIR instead of SINR. In small UE density network, i.e., λ b λ u , such assumption is not accurate anymore. Further results for M-MIMO with asymptotically small UE density will be presented in Section III-D.
In Fig. 2 , we confirm the validity of Proposition 1. Results for Proposition 2 is omitted due to the space constraint. Note that the upper bound is only close to the exact SINR distribution when λ u is sufficiently large (λ u ≥ λ b by intensive simulations), as shown in Fig. 2 . As λ u decreases compared to λ b , the upper bound (6) becomes looser. The lower bound, however, is not affected by the UE density due to its simple derivation.
C. Outage Rate Analysis
Outage rate is an important performance metric which for our system can be defined for an user as
where η is the target SINR corresponding to a target rate of log 2 (1 + η). Based on Proposition 1, we investigate the outage rate for M-MIMO systems. We note that due to TDMA/FDMA, each user is only served for a fraction of time or a sub-band. Assuming that all users have the same transmission priority, that fraction can be defined as 
Proof: Please refer to [11] . We thus obtain the average outage rate of a typical user as follows
Based on Proposition 1 and Lemma 1, we can derive the bounds for the the outage rate as follows. Please refer to [11] for the proof. 
Here, the term min 1,
in Proposition 3 is due to the fact that TDMA is applied only when N b,u > 1, and we have approximated
In Fig. 3 , we compare the outage user rate with the bounds given in (11) . We first observe that the scaling laws of the bounds are closely matched with the true rates. The gap, however, seems to increase as the UE-BS density ratio becomes smaller. Nevertheless, the bounds are useful for further studies on the M-MIMO performance under various network models.
D. Asymptotically Small UE Density
In this section, we investigate the performance of M-MIMO under the asymptotically small UE density regime. As the transmission probability C approaches 0, the interference also goes to 0 since the interfering BSs are farther apart from each other. The SINR can now be approximated as the SNR and expressed as
It is straightforward to derive the SINR distribution as follows Therefore, the outage rate is given as
IV. SMALL-CELL SYSTEM ANALYSIS Similar to M-MIMO, if the UE intensity λ u is not sufficiently larger than λ b , then some DAs in the small-cell system may not be associated to any UE, and thus, do not transmit signals. We can derive the transmission probability of a DA in our system as [9] 
The transmitting DAs thus can be modeled as a homogeneous PPP Φ D,b obtained by thinning the DA PPP Φ D,b with a probability D that DA is activated. In this case, the SINR of a typical UE k can be described as
Using D , we can obtain the coverage probability of a typical user k, which is given in [10] . A direct corollary is the SIR distribution for the case σ 2 n /P T = 0 given as follows. Corollary 1: The SIR distribution of a small cell system is given as
Again, we obtain the SIR CDF and outage rate bounds for the small-cell system. Some important remarks here are that the interfering cells follows a PPP with density D λ b , and each DA might need to serve multiple UEs via TDMA/FDMA. We also note that (cf. Lemma 1)
Proposition 4: The lower and upper bounds for the distribution of Q SM defined in (16) are given as
where |h| 2 is exponentially distributed. Proposition 5: The outage rate OR SM (η) is bounded below by
Again, the term min 1,
is due to the fact that TDMA/FDMA is applied only when N k,u > 1, and we have approximated
In Fig. 4 , we compare the SINR distribution, analytical result (17), and bounds (19), (20) for two small-cell systems. It is observed that the upper-bound (20), although simple, is quite tight when compared with the lower-bound (19). Fig. 5 illustrate the outage user rate for various small-cell systems. In contrast to the M-MIMO case, the bounds for small-cell systems are quite tight. 
A. Asymptotically Small UE Density
Under the asymptotically small UE density regime, the interference is negligible and we can derive the SINR distribution as follows
where the random variable h ∼ CN (0, 1). To obtain closedform results, we will find a bound for (23) which does not contain expectation. We note that the function exp(−αx β ) with β ≤ 1 is convex in x > 0. Therefore, applying Jensen's inequality, we obtain
The upper bounds for OR SM (η) is therefore given as
V. RATE COMPARISON FOR M-MIMO AND SMALL-CELL SYSTEMS In this section, we compare M-MIMO and small-cell networks under several scenarios. Here, the metric is the outage rate for simple arguments. The key parameter here is the UE density λ u .
A. Very Large UE Density: λ u ≥ Mλ b
In this case, the lower bounds of the outage rate are reduced to
where
As a loose approximation, (28) holds if M 1−2/μ C β n-fd ≥ D β fd , which is true since β n-fd > β fd , C ≈ 1 ≥ D , and M is large. We thus observe that a small-cell system outperforms a M-MIMO counterpart when the UE density is very large.
B. Intermediate UE density:
We note that (29) is true since 1 ≥ λ b λu and M ≥ M 2/μ . Therefore, s small-cell system outperforms a M-MIMO counterparts when the UE density is moderate. Similar to Section V-A, the reason is again due to the effect of multiplexing a large number of users under TDMA/FDMA M-MIMO.
C. Asymptotically Small UE Density
Assuming a small UE density, it is difficult to compare M-MIMO and small-cell systems since the M-MIMO lower bounds are not close to the exact distribution or rates. In this subsection, we consider the asymptotic regime where λ u is very small compared to λ b to reveal some insights for the small UE density case. Note that
when μ < 4 and M is large enough, i.e., M (14) and (25), it is straightforward to prove that OR M (η) ≥ OR UB SM (η). The above result essentially asserts that M-MIMO outperforms small-cell densification, albeit when the UE density is asymptotically small and μ < 4. Combined with observations from Sections V-A and V-B, we note that there exists a threshold with smaller UE density than which we should employ M-MIMO and larger UE density than which small-cell densification is more preferable, in terms of spectral efficiency.
VI. ENERGY EFFICIENCY COMPARISON FOR M-MIMO
AND SMALL-CELL SYSTEMS Apart from spectral efficiency, energy efficiency (EE) is also an important factor for evaluating future communications networks due to several environmental concerns. In the literature, a conventional definition for EE is
where P AP/BS and R AP/BS are the transmit power and sumrate of the corresponding AP/BS to all users, respectively. However, for ease of analysis, we consider the following EE definition based on the outage rate
We can interpret EE(η) as the energy efficiency of the AP/BS given that the user SINR satisfies the constraint SINR ≥ η. Observations for EE based on (31) can be similarly obtained. Note that due to the transmission probability, the expected transmission power for each M-MIMO BS and smallcell AP are given as C MP T and D P T , respectively. We first consider the moderate to large UE density regime where λ b < λ u and obtain , it is straightforward to show that EE SM (η) > EE M (η) by noting that the exponential function approaches 0 as M grows large.
The above result reveals that small-cell systems are more energy-efficient than M-MIMO counterparts with large, moderate, or asymptotically small UE densities. From Sections V and VI, we observe another important aspect of the trade-off between M-MIMO and small-cell densification. Particularly, even through M-MIMO have a higher spectral efficiency as under small UE density regime, small-cell densification might still be a preferable option for certain communication systems due to its higher EE performance.
VII. CONCLUSIONS
In this paper, we have compared the spectral and energy efficiencies of massive MIMO and small-cell systems. Particularly, we have derived SIR distribution bounds for both systems, based on which the outage rate bounds are obtained.
We have also analyzed the performance of M-MIMO and small-cell under asymptotically small UE density regime, which represents UE-sparse networks. The M-MIMO and small-cell systems were then compared in terms of spectral and energy efficiencies. For the rate performance, we observe that M-MIMO surpasses small-cell densification when the UE density is small compared with BS/AP density and number of antennas, and vice versa. However, small-cell network yields better energy efficiency than M-MIMO counterpart under all cases. The results of this paper are useful for the optimal design of practical 5G networks and other 5G system performance analyses.
